All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Durum wheat (*Triticum turgidum* L. subsp. *durum* (Desf.) Husn.) is one of the most important crops in the world and a major food source, unique for pasta production, the Mediterranean countries representing around 75% of the world durum wheat growing area. Wheat contributes a significant source of carbohydrates, though its protein and micronutrient contents have raised a renewed interest in whole meal durum-based products. Wheat kernel proteins are classified according to their solubility properties into prolamins as gliadins, high molecular weight glutenins (HMW-GS) and low molecular weight glutenins (LMW-GS) soluble in diluted acid or alkali or alcohol-water mixtures, and total proteins including albumins, globulins and metabolic enzymes which are water and salt soluble \[[@pone.0156007.ref001]\]. Gluten proteins represent about 80% of wheat seed proteins, and are the most important determinant of the dough properties. Other proteins are less abundant in mature grain but are rich in essential aminoacids lysine, tryptophan and methionine, which are very important for human health, whereas metabolic enzymes have important roles in protein folding and polymerization during grain filling influencing also quality traits \[[@pone.0156007.ref002]\]. The amount of durum wheat proteins in grains is strictly associated with the environmental conditions, especially during the grain filling period \[[@pone.0156007.ref003]\]. In this context, soil nitrogen (N) availability plays a major role \[[@pone.0156007.ref004]\]; high N fertilization conditions have been demonstrated to increase synthesis and accumulation of gluten proteins \[[@pone.0156007.ref005],[@pone.0156007.ref006]\]. N fertilization also modulates the accumulation of total proteins as metabolic enzymes and consequently the synthesis of starch and storage protein during grain filling \[[@pone.0156007.ref007]\]. Thus, modulation of the accumulation of prolamins as far as proteins and enzymes involved in storage protein synthesis and carbohydrate accumulation during grain filling should be considered in N fertilization strategies to obtain high quality traits.

Soil management is another fundamental variable influencing quality traits, in particular protein content and profile, as well as yield, especially in Mediterranean regions characterized by low and erratic rainfall and by soils with low organic matter and N contents, where durum wheat is a major crop. Adoption of Conservation Agriculture (CA), which imply no or minimum soil disturbance, soil mulch cover and diversified cropping system, may allow a more sustainable agricultural production, mitigating the negative effects of soil fertility losses and climate changes \[[@pone.0156007.ref008]\]. However, the transition to no-till CA represents an holistic change in management which requires an adaptation at the individual farm-level \[[@pone.0156007.ref008]\]. During this phase which can last about 10 years, the short-time decline of yields is observed, due to higher annual crops weed, pest, and disease pressures which may increase over time with continuous no-till systems \[[@pone.0156007.ref009]\]. The soil starts rebuilding aggregates although measurable changes in the soil carbon content are not expected; moreover, crop residues production is sometimes low, especially in dry environments \[[@pone.0156007.ref010]\]. In such unstable conditions, N fertilization strategies of cereal crops require adjusting rates, timing, splitting, and source of applications, considering also that only very few studies are available with results often inconsistent \[[@pone.0156007.ref011]\]. However, the individual effects of residue retention and crop rotation reduce the negative impacts of no-till, especially in dry climates with positive effects on cereal growth, soil N, physical properties, moisture and organic matter \[[@pone.0156007.ref012],[@pone.0156007.ref013]\]; such conditions would lead to a reduction in the required N inputs.

The grain protein content of durum wheat at harvest is related to plant N status at anthesis \[[@pone.0156007.ref014]\]. Thus, vegetation indices could be very useful to monitor plant fitness and plant N content during the vegetative phase and, consequently, to predict quality traits at harvest \[[@pone.0156007.ref014],[@pone.0156007.ref015]\].

In a previous study \[[@pone.0156007.ref016]\], it was demonstrated that 150 Kg N ha^-1^ is the rate that allows both yield and gluten proteins accumulation to be maximized for the newly-released Italian cultivar Achille, during transition to no-till CA. In this paper, starting from such a N rate we want to: i) test the effects of N-form (urea and calcium nitrate) on single prolamin components in mature grain by 2D-GE and ESI-LC-MS/MS proteomic analyses, to evidence possible single protein modulations in response to N fertilization treatment; ii) analyse by the same comparative proteomic approach the effect of N-form on total proteins in developing grain during the active phase of grain filling and iii) correlate the data with physiological indicators measured during vegetative growth. The results obtained suggest that N fertilization treatments, giving the highest wheat yield during the transition to no-till CA, increase quality traits as gluten proteins at harvesting and are of fundamental importance for targeting wheat quality by conventional breeding or genetic engineering to specific end-users.

Material and Methods {#sec002}
====================

Field trial description, plant sampling and physiological traits {#sec003}
----------------------------------------------------------------

*Triticum turgidum* L. subsp. *durum* (Desf.) Husn., cv 'Achille' was utilized in this study. This cultivar was chosen for experimental purpose because of its particular adaptability to Mediterranean environments. The field trials were carried out during the seasons 2010--2011 and 2011--2012 (referred to below as 2011 and 2012, respectively) at the experimental field of the University of Teramo (Mosciano Sant'Angelo, Italy, 42° 42' N, 13° 52' E, 101 m a.s.l.), during the first two years of transition to no-till CA. The previous crops were coriander (*Coriandrum sativum* L.) in 2011 and durum wheat in 2012, which were harvested at the end of July and at the middle of June, respectively. Crop residues were kept on the soil surface and homogenously distributed to obtain an uniform layer of mulch. Durum wheat was sown on mid-November (8/11/2010 and 17/11/2011) by direct seeding (Gaspardo Direttissima, Gruppo Maschio Gaspardo SpA, Campodarsego, PD, Italy), at a rate of 350 viable seeds m^-2^. Descriptions of the field agricultural management practices are provided in more details in our previous work \[[@pone.0156007.ref016]\]. Average minimum and maximum temperatures and total rainfall for the trials are reported in [S1 Table](#pone.0156007.s002){ref-type="supplementary-material"}. Starting from our previous results on comparative analysis of two N fertilizer forms (urea and calcium nitrate) applied at four N application rates (50, 100, 150 and 200 kg N ha^-1^) \[[@pone.0156007.ref016]\], here it was analysed only the data related to urea and calcium nitrate at 150 kg N ha^-1^ (named UREA and NITRATE, respectively), the rate which maximized yield and grain protein content. Such N rate is supported by other studies performed in Southern Italy, under a no-till system \[[@pone.0156007.ref017]\]. Unfertilized plots were added as CONTROL. UREA was selected as it is the most widely used form of N fertilizer applied to agroecosystems \[[@pone.0156007.ref018]\], characterised by slow N release; NITRATE (NO~3~-based N fertilizer) was selected because of its lower N~2~O emissions as compared to NH~4~-based N fertilizers \[[@pone.0156007.ref019], [@pone.0156007.ref020]\], characterised by prompt N release. According to the usual practices in the specific area and soil conditions, the N fertilizers were split into pre-sowing (20% of the total amount) and cover dressings (tillering, 40%, and 4^th^ node detectable, 40%; DC22 and DC34, respectively). The phenological stages were monitored on 20 randomly tagged plants per plot and were scored following the Zadoks Decimal Code \[[@pone.0156007.ref021]\]. A growth stage (DC) was assigned when it was reached by 50% of the monitored plants.

Starting from the 'medium milk' phenological stage (DC75), 10 whole main wheat shoots within each experimental unit were randomly collected, as reported in [S2 Table](#pone.0156007.s003){ref-type="supplementary-material"}; in total, 4 sampling dates (corresponding to DC75, DC77, DC85 and DC87) were considered. Plants were separated into leaves, stems and spikes. Kernels were collected by hand threshing and grain (mg DW spike^-1^), leaves and stems dry weights (mg DW plant^-1^) was determined after oven drying at 80°C, until constant weight. Grains from 10 additional spikes were stored at -20°C for protein analysis. At harvest plant height, ear length, ripe yield, grain N content and total N in the above-ground biomass (leaves and stems) were measured; the N content in kernels was converted to grain protein concentration (GPC, %) through the factor of 5.75 \[[@pone.0156007.ref016]\]. Grain nitrogen utilization efficiency (grain-NutE; kg-DM kg-N^-1^) was calculated as the grain dry matter (DM) yield divided by all the N in the above-ground parts of the crop at maturity \[[@pone.0156007.ref022]\].

Chlorophyll content was estimated by SPAD (soil-plant analysis development) with a 502 plus portable chlorophyll meter (Konica Minolta, Inc., Tokyo, Japan). For each experimental unit, measurements were taken on the mid-section of 10 fully-expanded and sun-oriented flag leaves at the phenological stages of DC65, DC71, DC75, DC77 and DC83 (corresponding to 0, 8, 15, 23 and 26 DPA in 2011 and to 0, 6, 13, 21 and 24 DPA in 2012).

In 2012, a HandHeld 2 Pro Portable FieldSpec Spectroradiometer (ADS Inc., Boulder, CO, USA) was used to measure the reflected light from the canopy. Readings were taken under clear sky conditions, starting from anthesis and for a total of 4 sampling dates (corresponding to DC65, DC71, DC75 and DC77--0, 6, 13 and 21 DPA).

Starting from the canopy's reflectance data, the normalized difference vegetation index (NDVI), green normalized difference vegetation index (GNDVI), optimized soil-adjusted vegetation index (OSAVI), simple ratio (SR), structure insensitive pigment index (SIPI), nitrogen reflectance index (NRI), modified chlorophyll absorption ratio index (MCARI), triangular vegetation index (TVI) and water index (WI) were calculated as follows:

$NDVI = \left( {\rho NIR–\rho RED} \right)\,/\,\left( {\rho NIR + \rho RED} \right)$ \[[@pone.0156007.ref023]\]

$GNDVI = \left( {\rho 750\,\text{-}\,\rho 550} \right)\,/\,\left( {\rho 750 + \rho 550} \right)$ \[[@pone.0156007.ref024]\]

$OSAVI = \left( {1 + 0.16} \right)\,\left( {\rho 800–\rho 670} \right)\,/\,\left( {\rho 800 + \rho 670 + 0.16} \right)$ \[[@pone.0156007.ref025]\]

$SR = \left( {\rho 800\,\text{-}\,\rho 900} \right)\,/\,\left( {\rho 650–\rho 700} \right)$ \[[@pone.0156007.ref026]\]

$SIPI = \left( {\rho 800\,\text{-}\,\rho 445} \right)\,/\,\left( {\rho 800\,\text{-}\,\rho 680} \right)$ \[[@pone.0156007.ref027]\]

$NRI = \left( {\rho 570\,\text{-}\,\rho 670} \right)\,/\,\left( {\rho 570 + \rho 670} \right)$ \[[@pone.0156007.ref028]\]

$MCARI = \left\lbrack {\left( {\rho 700\,\text{-}\,\rho 670} \right)\,\text{-}\, 0.2} \right)\, x\,\left( {\rho 700–\rho 550} \right)\rbrack\, x\,\left( {\rho 700\,/\,\rho 670} \right)$ \[[@pone.0156007.ref029]\]

$TVI = 0.5\, x\,\left\lbrack {120\, x\,\left( {\rho 750\,\text{-}\,\rho 550} \right)\,\text{-}\, 200\, x\,\left( {\rho 670\,\text{-}\,\rho 550} \right)} \right\rbrack$ \[[@pone.0156007.ref030]\]

$WI = \rho_{}900_{}\,/\,\rho_{}970$ \[[@pone.0156007.ref031]\]

Prolamin and total protein extractions {#sec004}
--------------------------------------

Thirty-five g of mature grains (DC92) from each treatment in 2011 and 2012 were crushed with Knifetec TM 1095 (Foss, Hillerød, Denmark) to obtain a fine powder to analyze the composition of gliadin, HMW-GS and LMW-GS fractions. Gluten proteins were extracted from wheat flour (30 mg) with the sequential procedure of Singh and collaborators \[[@pone.0156007.ref032]\]. In brief, fine powder was extracted with 1.5 mL of 55% (v/v) propan-2-ol for 20 min with continuous mixing at 65°C, followed by centrifugation for 5 min at 10,000 rpm. This step was repeated three times in total and the gliadin components were extracted. HMW and LMW-GS fractions were extracted from the pellet and all fractions were quantified as previously described \[[@pone.0156007.ref033]\]. Total gluten protein content (GLUTEN) was calculated by summing the contents of all the single gluten fractions (gliadins, HMW and LMW-GS). Three biological replicates were prepared for each sample.

For total protein extraction, at the DC75 phenological stage (15 days post-anthesis (DPA) and 13 DPA in 2011 and 2012, respectively), 150 mg of immature seeds were ground to a fine powder in liquid nitrogen and the powder was then suspended in cold acetone containing 10% (w/v) trichloroacetic acid (TCA) and 0.07% (v/v) β-mercaptoetanol, 0.4% proteinase inhibitor cocktail (Sigma Aldrich), vortexed and kept at -20°C overnight. Each sample was centrifuged at 20000 g for 15 min at 4°C and the resulting pellet was washed twice by re-suspending in cold acetone containing 0.07% (v/v) β-mercaptoetanol, 0.4% proteinase inhibitor cocktail (Sigma Aldrich) for 1 h each at -20°C before further centrifugation at 20000 g for 15 min at 4°C. The resulting pellet was vacuum dried for 30 min, and solubilized in freshly-prepared buffer containing 7 M Urea, 2 M thiourea, 4% (w/v) 3-\[(3-cholamidopropyl)dimethyl-ammonio\]-1-propanesulfonate (CHAPS), 18 mM TrisHCl pH 8, 0.4% proteinase inhibitor, 14 mM DTT and incubated 20 min on ice. Each sample was then centrifuged at 35000 g 25 min at 4°C and the supernatant was re-centrifuged at 35000 g 25 min at 4°C. The supernatant containing protein samples was quantified and aliquots of 500 μg precipitated in 4 volumes of cold acetone and left at -20°C over-night.

Two-dimensional gel electrophoresis (2D-GE) {#sec005}
-------------------------------------------

In 2011 and 2012, 2D-GE separation was carried out on both LMW-GS and total protein extracts from developing grains. In particular for the LMW-GS fraction, immobiline Dry-Strip (7 cm, GE Healthcare Europe GmbH) pH 6--11 was rehydrated with 85 μL of rehydration solution containing 9 M urea, 4% (w/v) CHAPS, 2% (v/v) immobilised pH gradient (IPG) buffer pH 6--11 (GE Healthcare), 1% (w/v) bromophenol blue and 1.2% (v/v) DeStreak Reagent (GE Healthcare). The rehydration step was carried out for 12 h at 20°C. After that, 25 μg of Savant dried LMW-GS were dissolved in 50 μL of a solution containing 9 M urea, 4% (w/v) CHAPS, 2% (v/v) IPG buffer pH 6--11 (GE Healthcare), 1% (w/v) bromophenol blue, 20 mM DTT and loaded with cup loading procedure at the anodic end of the strip. The iso-electric focusing (IEF) was carried out at 20,200 V/h in a Protean i12 IEF System (Bio-Rad, Hercules, CA).

Five hundred μg of total proteins were suspended into 185 μL of rehydration solution containing 7 M urea, 2M Thiourea, 4% (w/v) CHAPS, 0.4% (v/v) IPG buffer pH 4--7 (Biorad), 0.1% (w/v) bromophenol blue, 1.6% (v/v) DeStreak Reagent (GE Healthcare) and loaded into immobiline Dry-Strip (11 cm, Biorad) pH 4--7. After 12 h passive rehydration, IEF was carried out at 40,000 V/h in in a Protean i12 IEF System (Bio-Rad).

Both 7 cm and 11 cm strips were then equilibrated 15 min in equilibration buffer containing 6 M urea, 2% (w/v) SDS, 75 mM Tris-HCl pH 8.8, 29.3% (v/v) glycerol, 1% (w/v) bromophenol blue with 1% (w/v) DTT, and then in the same buffer containing 2.5% (w/v) iodoacetamide (IAA) for an additional 15 min. The second-dimension was performed on Mini-PROTEAN Tetra Cell (Bio-Rad) 12% acrylamide GTX precast gels (Bio-Rad) for 7 cm strips and on Criterion Dodeca Cell (Bio-Rad) 12% acrylamide Criterion XT precast gels for 11 cm strips. Molecular Weight Marker (Mw 14,000--66,000) (Sigma Aldrich) was utilised. Three biological replicates were obtained by sequential extractions of the same batch of seeds (see section Protein extraction and quantification).

Spot digestion and LC-ESI-MS/MS {#sec006}
-------------------------------

Spots were removed from the 2D-GE with a razor blade and destained in a solution of 100 mM 1:1 (v/v) ammonium bicarbonate/acetonitrile (ACN) overnight. In-gel digestion was performed with 12.5 ng/mL chymotrypsin. The digested peptides were then suspended in 10 μL of 0.1% TFA and purified with a ZipTipC18 (Merck Millipore, Billerica MA, USA) using the procedure recommended by the manufacturer.

After digestion, peptides were injected into the mass spectrometer: HPLC system DIONEX Ultimate 3000 coupled with a LTQ Orbitrap XL equipped with a pneumatically-assisted ESI interface (Thermo Fisher Scientific). The system was controlled by the Thermo Scientific Xcalibur software. Samples were suspended in 50 μL of 0.1% (v/v) formic acid in water (solvent A). Injection volume was set to 5 μL. Samples were carried into the μ-Precolumn Cartridge, Acclaim PepMap100 C18 (5 mm length x 0.3 mm internal diameter, 5 μm particle size, 100 A pore size) (Thermo Fisher Scientific) with an isocratic flow 30 μL/min of 2% ACN with 0.08% (v/v) formic acid (solvent B) for 30 sec.

Peptides were separated on a reverse phase HPLC chromatographic column, Jupiter C18 (150 mm×0.3 mm, 5 μm particle size, 300 A) (Phenomenex, Torrance, CA, USA) using an ACN gradient as follow: Solvent B for 4 min, 5--50% in 56 min and 50--95% in 2 min at flow rate of 4 μL/min. Solvent B was maintained at 95% for 10 min before column re-equilibration (15 min). Mass parameters: sheath gas rate (nitrogen, 99.99% purity), 8 arbitrary units; ESI voltage, 3.5 kV; capillary voltage, 30 V; capillary temperature, 275°C; tube lens, 110 V; Collision Induced Dissociation (CID), 35. Data dependent acquisition (DDA) mode: mass range, 250--2,000 amu; charge state rejection, *z* = 1; ion count threshold, 50,000.

Statistical analysis {#sec007}
--------------------

The dynamics of leaves, stems and grains dry weights and of estimated chlorophyll content over thermal time after anthesis were analysed with a split-plot ANOVA; treatments were considered as main factor and thermal time regarded as secondary factor. The contents of gluten protein fractions in grains at maturity as well as plant height, ear length and grain-NutE were subjected to one-way ANOVA. Means separation was performed through Fisher's Least Significant Difference (LSD) test. Before ANOVA, data were analysed to test the adequacy of normality and homoscedasticity assumptions; such assumption were satisfied, therefore any data transformation was not applied. The correlations between GPC and GLUTEN at harvest with spectral vegetation indices (VI*s*: NDVI, GNDVI, OSAVI, SR, SIPI, NRI, MCARI, TVI and WI) were tested by Pearson's correlation; data were previously subjected to Shapiro-Wilk normality test. Statistical analyses were performed using R software \[[@pone.0156007.ref034]\]. Principal component analysis (PCA) was applied to interpret and summarize the association between treatments and variables (vegetation indices) and the correlation among VI*s*. Twelve treatments (CONTROL_0DPA, CONTROL_6DPA, CONTROL_13DPA, CONTROL_21DPA, UREA_0DPA, UREA_6DPA, UREA_13DPA, UREA_21DPA, NITRATE_0DPA, NITRATE_6DPA, NITRATE_13DPA and NITRATE_21DPA), obtained as a combination of the 3 N treatments (CONTROL, UREA and NITRATE) at four sampling dates during grain development (0, 6, 13 and 21 DPA) in 2012, were tested. PCA was performed using the Excel add-in Multibase 2015 package (Numerical Dynamics, Japan).

Image analysis of the 2D-GE gels (three replicates was performed for each biological replicate and treatment considered) was carried out using PDQuest 8.0 2D Analysis Software (Bio-Rad). Each gel was analysed for spot detection, background subtraction, and protein spot OD intensity quantification. For LMW-GS quantification, the intensity (integrated optical density, IOD) of the same number of clearly visible spots was normalized to the total LMW-GS protein fraction. Data were subjected to analysis of variance (one-way ANOVA); comparisons of normalized mean spot volumes between treatments were performed using Fisher's LSD test. For the total protein fraction, the gel image showing the highest number of spots and the best protein pattern was chosen as a reference template. Spots were analysed and compared by co-ordination with the reference template. Gels were divided into three groups (CONTROL, UREA and NITRATE treatments) and for each protein spot the average spot quantity value and its variance coefficient in each group were determined. Statistical analysis (Student's t test) was performed to identify proteins that were significantly (p\<0.05) increased or decreased in the three sets of samples.

Results and Discussion {#sec008}
======================

Biomass dynamics, agronomic traits, total gluten proteins in mature grains and physiological parameters {#sec009}
-------------------------------------------------------------------------------------------------------

In both growing seasons, a similar trend for grain dry mass accumulation during grain-filling was observed for all treatments ([Fig 1](#pone.0156007.g001){ref-type="fig"}); the two fertilizer treatments enhanced significantly grain DW per spike with respect to the CONTROL by 29% and 24% in 2011 and 2012, respectively (average over both N-form and thermal time). Greater differences between UREA and NITRATE applications were recorded in 2012 only at the hard dough phenological stage (DC87), with NITRATE inducing a significantly higher grain DW (1795 vs. 1995 mg DW per spike).

![Changes of grain dry weight (mg DW per spike) against thermal time after anthesis (cumulative average daily air temperature exceeding 0°C, °C d) and days post-anthesis (DPA) (above axis) of durum wheat in 2011 (a) and 2012 (b). Wheat plants were exposed to control conditions (unfertilized CONTROL, black triangle) and to two N fertilization treatments with urea (UREA, white rhombus) and calcium nitrate (NITRATE, white circle) at the rate of 150 kg N ha^-1^ (mean value ± standard errors, n = 3 independent replicates; split-plot ANOVA over thermal time after anthesis; effects: (a) *treatment*, P \< 0.01; *time*, P \< 0.01; *treatment x time*, P\< 0.01; (b) *treatment*, P \< 0.01; *time*, P \< 0.01; *treatment x time*, P\< 0.01).](pone.0156007.g001){#pone.0156007.g001}

The response of the crop in terms of above-ground biomass production to N fertilization was similar in 2011 and 2012 growing seasons ([Fig 2](#pone.0156007.g002){ref-type="fig"}). Both N-forms significantly increased leaves and stems dry weights with respect to unfertilized CONTROL; differences between N-treatments were not significant ([Fig 2](#pone.0156007.g002){ref-type="fig"}, LSD: (a) 0.607; (b) 0.510; (c) 1.302; (d) 1.981). Such trend observed during grain-filling period, was confirmed by plant height and ear length values at harvest ([Table 1](#pone.0156007.t001){ref-type="table"}).

![Changes of leaves dry weight (mg DW per plant) and stems dry weight (mg DW per plant) against thermal time after anthesis (cumulative average daily air temperature exceeding 0°C, °C d) and days post-anthesis (DPA) (above axis) of durum wheat in 2011 (a and c, respectively) and 2012 (b and d, respectively). Wheat plants were exposed to control conditions (unfertilized CONTROL, black triangle) and to two N fertilization treatments with urea (UREA, white rhombus) and calcium nitrate (NITRATE, white circle) at the rate of 150 kg N ha^-1^ (mean value ± standard errors, n = 3 independent replicates; split-plot ANOVA over thermal time after anthesis; effects: (a) *treatment*, P \< 0.01; *time*, P \< 0.01; *treatment x time*, P = 0.08; (b) *treatment*, P \< 0.01; *time*, P \< 0.01; *treatment x time*, P = 0.33; (c) *treatment*, P \< 0.05; *time*, P \< 0.01; *treatment x time*, P \< 0.01; (d) *treatment*, P \< 0.05; *time*, P \< 0.01; *treatment x time*, P \< 0.05).](pone.0156007.g002){#pone.0156007.g002}

10.1371/journal.pone.0156007.t001

###### Plant height (cm), ear lenght (cm) and grain nitrogen utilization efficiency (grain-NutE; kg- DM kg-N^-1^) as recorded at harvest, in 2011 and 2012.

Wheat plants were exposed to control conditions (unfertilized CONTROL) and to two N fertilization treatments with urea (UREA) and calcium nitrate (NITRATE) at the rate of 150 kg N ha^-1^. Data are averages ± standard errors, for n = 3 independent replicates. Different letters indicate significant differences at p\<0.05 (Fisher's LSD test).

![](pone.0156007.t001){#pone.0156007.t001g}

             *2011*                                  *2012*                                                                                                                                                              
  ---------- --------------------------------------- --------------------------------------- ----------------------------------------- ----------------------------------------- --------------------------------------- ---------------------------------------
  CONTROL    64.1 ± 0.61 b                           4.5 ± 0.18 b                            63.4 ± 0.08 a                             61.9 ± 0.55 b                             4.0 ± 0.02 b                            65.5 ± 2.05 a
  UREA       75.4 ± 2.33 a                           5.8 ± 0.01 a                            34.6 ± 1.35 b                             70.6 ± 0.51 a                             6.6 ± 0.41 a                            35.6 ± 0.47 b
  NITRATE    75.0 ± 2.43 a                           5.9 ± 0.16 a                            38.1 ± 0.71 b                             71.7 ± 0.22 a                             6.7 ± 0.40 a                            45.8 ± 1.99 b
  *F test*   [\*](#t001fn001){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}   [\*\*](#t001fn002){ref-type="table-fn"}   [\*\*](#t001fn002){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}   [\*](#t001fn001){ref-type="table-fn"}

\*P \< 0.05

\*\*P \< 0.01; ns = not-significant.

Gluten protein contents in mature grains increased due to N availability, reaching its maximum at 150 kg N ha^-1^ \[[@pone.0156007.ref016]\]. At this N-rate both N-forms affected the accumulation of glutenins with respect to gliadins (150% and 187% increase---averaged over N-form---in 2011 and 2012, respectively; [Fig 3](#pone.0156007.g003){ref-type="fig"}), according to previous data, suggesting differences in the expression of various gluten genes \[[@pone.0156007.ref035]\].

![Increment of gliadins and glutenins in durum wheat mature grains under UREA and NITRATE fertilisation treatments respect to CONTROL.\
Percentage increments of gliadins (grey chart) and glutenins (diagonal lines; LMW-GS plus HMW-GS fractions) with respect to CONTROL (white chart) in durum wheat fertilized with urea (UREA) and calcium nitrate (NITRATE) at the rate of 150 kg N ha^-1^ in 2011 (a) and 2012 (b). Data are averages ± standard errors, for n = 3 independent replicates.](pone.0156007.g003){#pone.0156007.g003}

The higher accumulation of glutenins in response to N-fertilization results in a lower gliadin:GS ratio, of interest, because the ratio of monomeric vs. polymeric gluten proteins constitutes a criterion for high quality traits of durum wheat. However, the effects of UREA and NITRATE on single gluten fractions (gliadin, HMW-GS and LMW-GS) showed year-to-year differences ([Fig 4](#pone.0156007.g004){ref-type="fig"}). Total glutenins were significantly lower, by about 30%, in 2012, while gliadin contents were relatively stable across years ([Fig 4](#pone.0156007.g004){ref-type="fig"}). This is probably attributable to a late water stress occurred in 2012 (70.8 vs. 47.6 mm of rainfall during grain filling in 2011 and 2012, respectively) which was confirmed by the estimation of crop water status, starting from 23 and 21 days post anthesis (DPA) in 2011 and 2012, respectively (DC77 phenological stage). Indeed in 2012, averaging over N treatments and phenological stages (DC77 and DC83---data not shown), canopy temperature (CT) and stomatal conductance (POR) gave higher and lower values (CT: 23.4 and 27.1°C; POR: 99.2 and 69.2 mmol m^-2^ s^-1^ in 2011 and 2012), respectively. Protein components are very sensitive to drought during the later phenophases of the filling period \[[@pone.0156007.ref036]\] and, as the maximum rate of synthesis of glutenins takes place later than that of gliadins \[[@pone.0156007.ref037]\], we observed a significant decline of glutenin accumulation \[[@pone.0156007.ref038]\]. Differences between the two N-forms occurred only in 2012 with UREA inducing significantly higher values for both GS fractions ([Fig 4](#pone.0156007.g004){ref-type="fig"}). This is explained by the higher temperatures registered during grain-filling period, which reduced grain carbohydrate accumulation rather than N accumulation, confirming previous studies \[[@pone.0156007.ref039]\] and also explaining the differences in terms of grain DW and yield \[[@pone.0156007.ref016]\], as previously observed \[[@pone.0156007.ref040]\]. To support these results, we have measured the grain-NutE, which represents the yield per unit of N-uptake ([Table 1](#pone.0156007.t001){ref-type="table"}). Despite differences between the two N-forms were not significant, we observed higher grain-NutE values for NITRATE rather than UREA, especially in 2012 (35.6 vs 45.8 kg-DM kg-N^-1^ for UREA and NITRATE, respectively). Indeed, there is an inverse relationship between grain-NutE and grain %N---as demonstrated across different crop species \[[@pone.0156007.ref041]\]---and high-quality wheat can be expected to have a low grain-NutE \[[@pone.0156007.ref022]\]. Moreover, we also observed a clear inverse relationship between grain-NutE and total GS in grains, both in 2011 and 2012 (Pearson's correlation coefficients: 2011, -0.95; 2012, -0.99).

![Gliadin and glutenin contents in in durum wheat mature grains under CONTROL and UREA and NITRATE fertilisation treatments.\
Gliadins (mg g^-1^ flour; grey chart) and glutenin (GS) fractions (mg g^-1^ flour; horizontallines: LMW-GS fraction; diagonal cross: HMW-GS fraction) in durum wheat grains fertilized with urea (UREA) and calcium nitrate (NITRATE) at the rate of 150 kg N ha^-1^ plus unfertilized CONTROL in 2011 (a) and 2012 (b). Data are averages ± standard errors, for n = 3 independent replicates. Different letters indicate significant differences at p\<0.05 (Fisher's LSD test).](pone.0156007.g004){#pone.0156007.g004}

To correlate the effect on N fertilization with the kinetics of protein accumulation, the physiological status of the crop during grain development was monitored. SPAD significantly discriminated the unfertilized CONTROL from both fertilized treatments ([Fig 5](#pone.0156007.g005){ref-type="fig"}). The greater chlorophyll (Chl) content in leaves of N-fertilized plants, as estimated by SPAD, is likely to have improved plant photosynthetic activity, favoring the accumulation of N and assimilates in developing kernels. Indeed, as previously stated by Matsunaka et al. \[[@pone.0156007.ref042]\], significant correlations between SPAD values, recorded at anthesis (DC65), with GPC or GLUTEN in mature kernels (DC92) were present (2011: y = 1.75x - 51.5, R² = 0.96 and y = 1.42x - 44.4, R² = 0.96, respectively; 2012: y = 0.58x - 7.9, R² = 0.92 and y = 0.38x - 4.3, R² = 0.87, respectively).

![Changes of soil-plant analysis development (SPAD) against thermal time after anthesis (cumulative average daily air temperature exceeding 0°C, °C d) and days post-anthesis (DPA) (above axis) of durum wheat in 2011 (a) and 2012 (b). Wheat plants were exposed to control conditions (unfertilized CONTROL, black triangle) and to N fertilization treatments with urea (UREA, white rhombus) and calcium nitrate (NITRATE, white circle) at the rate of 150 kg N ha^-1^ (mean value ± standard errors, n = 3 independent replicates; split-plot ANOVA over thermal time after anthesis; effects: (a) *treatment*, P \< 0.01; *time*, P \< 0.01; *treatment x time*, P \< 0.05; (b) *treatment*, P \< 0.01; *time*, P \< 0.01; *treatment x time*, P\< 0.01).](pone.0156007.g005){#pone.0156007.g005}

Vegetation indices (VI*s*) are a useful tool to assess plant N status and, consequently, to estimate GPC at harvest \[[@pone.0156007.ref014]\]; in this work, a good spectral separability of canopy reflectance was observed among the different treatments, principally in the NIR region (700--1000 nm) ([Fig 6](#pone.0156007.g006){ref-type="fig"}), as previously observed \[[@pone.0156007.ref015]\]. UREA-treated plants showed the highest reflectance values, corresponding with the higher quality trait (i.e. GS-fraction content) at harvest. The correlation coefficients of GPC *vs* VI*s* and GLUTEN *vs* VI*s* at different phenological stages during grain development, are shown in [Table 2](#pone.0156007.t002){ref-type="table"}.

![Canopy reflectance of durum wheat plants (averaged over DC65, DC71, DC75 and DC77 phenological stages).\
Durum wheat plants were exposed to control conditions (unfertilized CONTROL, black triangle) and to N fertilization treatments with urea (UREA, white rhombus) and calcium nitrate (NITRATE, white circle) at the rate of 150 kg N ha^-1^, in 2012.](pone.0156007.g006){#pone.0156007.g006}

10.1371/journal.pone.0156007.t002

###### Pearson's correlation coefficients between grain protein content (GPC, %) or total gluten protein content (GLUTEN, mg g^-1^ flour) of durum wheat grains at harvest (DC92) and nine VI*s* calculated from reflectance data recorded at different growth stages, during grain-development (DC65, DC71, DC75 and DC77, corresponding to 0, 6, 13 and 21 days post-anthesis (DPA)) in 2012.

![](pone.0156007.t002){#pone.0156007.t002g}

          GPC (%)                                          GLUTEN (mg g^-1^ flour)                                                                                                                                                                                                                                                                          
  ------- ------------------------------------------------ --------------------------------------------- ------------------------------------------------ ------------------------------------------------ ------------------------------------------------ ---------------------------------------------- ------------------------------------------------ ------------------------------------------------
  NDVI    .873[\*\*](#t002fn002){ref-type="table-fn"}      [§](#t002fn003){ref-type="table-fn"}          .859[\*\*](#t002fn002){ref-type="table-fn"}      .923[\*\*](#t002fn002){ref-type="table-fn"}      .906[\*\*](#t002fn002){ref-type="table-fn"}      [§](#t002fn003){ref-type="table-fn"}           .887[\*\*](#t002fn002){ref-type="table-fn"}      .926[\*\*](#t002fn002){ref-type="table-fn"}
  GNDVI   .907[\*\*](#t002fn002){ref-type="table-fn"}      [§](#t002fn003){ref-type="table-fn"}          .893[\*\*](#t002fn002){ref-type="table-fn"}      .941[\*\*](#t002fn002){ref-type="table-fn"}      .937[\*\*](#t002fn002){ref-type="table-fn"}      [§](#t002fn003){ref-type="table-fn"}           .917[\*\*](#t002fn002){ref-type="table-fn"}      .937[\*\*](#t002fn002){ref-type="table-fn"}
  OSAVI   .882[\*\*](#t002fn002){ref-type="table-fn"}      [§](#t002fn003){ref-type="table-fn"}          .891[\*\*](#t002fn002){ref-type="table-fn"}      .911[\*\*](#t002fn002){ref-type="table-fn"}      .916[\*\*](#t002fn002){ref-type="table-fn"}      [§](#t002fn003){ref-type="table-fn"}           .919[\*\*](#t002fn002){ref-type="table-fn"}      .922[\*\*](#t002fn002){ref-type="table-fn"}
  SR      .882[\*\*](#t002fn002){ref-type="table-fn"}      *n*.*s*.                                      .945[\*\*](#t002fn002){ref-type="table-fn"}      .925[\*\*](#t002fn002){ref-type="table-fn"}      .910[\*\*](#t002fn002){ref-type="table-fn"}      .733[\*](#t002fn001){ref-type="table-fn"}      .950[\*\*](#t002fn002){ref-type="table-fn"}      .887[\*\*](#t002fn002){ref-type="table-fn"}
  SIPI    \- .832[\*\*](#t002fn002){ref-type="table-fn"}   [§](#t002fn003){ref-type="table-fn"}          \- .812[\*\*](#t002fn002){ref-type="table-fn"}   \- .932[\*\*](#t002fn002){ref-type="table-fn"}   \- .868[\*\*](#t002fn002){ref-type="table-fn"}   [§](#t002fn003){ref-type="table-fn"}           \- .838[\*\*](#t002fn002){ref-type="table-fn"}   \- .949[\*\*](#t002fn002){ref-type="table-fn"}
  NRI     .816[\*\*](#t002fn002){ref-type="table-fn"}      .765[\*](#t002fn001){ref-type="table-fn"}     .815[\*\*](#t002fn002){ref-type="table-fn"}      *n*.*s*.                                         .843                                             .789[\*](#t002fn001){ref-type="table-fn"}      .845[\*\*](#t002fn002){ref-type="table-fn"}      *n*.*s*.
  MCARI   \- .799[\*\*](#t002fn002){ref-type="table-fn"}   *n*.*s*.                                      \- .868[\*\*](#t002fn002){ref-type="table-fn"}   \- .844[\*\*](#t002fn002){ref-type="table-fn"}   \- .825[\*\*](#t002fn002){ref-type="table-fn"}   \- .743[\*](#t002fn001){ref-type="table-fn"}   \- .893[\*\*](#t002fn002){ref-type="table-fn"}   \- .805[\*\*](#t002fn002){ref-type="table-fn"}
  TVI     .711[\*](#t002fn001){ref-type="table-fn"}        .774[\*](#t002fn001){ref-type="table-fn"}     .894[\*\*](#t002fn002){ref-type="table-fn"}      .781[\*](#t002fn001){ref-type="table-fn"}        .742[\*](#t002fn001){ref-type="table-fn"}        .764[\*](#t002fn001){ref-type="table-fn"}      .923[\*\*](#t002fn002){ref-type="table-fn"}      .819[\*\*](#t002fn002){ref-type="table-fn"}
  WI      .883[\*\*](#t002fn002){ref-type="table-fn"}      .823[\*\*](#t002fn002){ref-type="table-fn"}   .711[\*](#t002fn001){ref-type="table-fn"}        .921[\*\*](#t002fn002){ref-type="table-fn"}      .907[\*\*](#t002fn002){ref-type="table-fn"}      .896[\*\*](#t002fn002){ref-type="table-fn"}    .807[\*\*](#t002fn002){ref-type="table-fn"}      .921[\*\*](#t002fn002){ref-type="table-fn"}

\* significant effect at the 0.05 probability level.

\*\* significant effect at the 0.01 probability level. *n*.*s*. = not-significant.

§ = not-applicable correlation test; p-value \< 0.05 for Shapiro-Wilk normality test.

Eight reflectance indices were selected to estimate the contents of pigments and other biochemical components in plants (NDVI, GNDVI, OSAVI, SR, SIPI, NRI, MCARI and TVI) \[[@pone.0156007.ref014],[@pone.0156007.ref015]\], plus an indicator of plants water status (WI) \[[@pone.0156007.ref043]\]. In general, all the VI*s* were significantly correlated with both GPC and GLUTEN variables (R^2^ ranges between 0.711 and 0.950) very early during grain filling (DC65, [Table 2](#pone.0156007.t002){ref-type="table"}).

The relationship between the VI*s* and the N fertilization treatments was investigated with the PCA, graphically displayed in [Fig 7](#pone.0156007.g007){ref-type="fig"}. The first and second principal components explained 94.6% of the total data variability (71.6 and 23.0% for PC1 and PC2, respectively). Variables were correlated between each other, with the exception of MCARI (0.10 and -0.65 on PC1 and PC2, respectively), TVI (-0.30 and -0.41 on PC1 and PC2, respectively) and NRI (-0.36 and -0.22 on PC1 and PC2, respectively). Interestingly, for each DPA all the VI*s* discriminated significantly between unfertilized and fertilized plots, as well as between UREA and NITRATE ([Fig 7B](#pone.0156007.g007){ref-type="fig"}), supporting the observed differences in GS-fractions recorded in 2012.

![Two dimensional principal component analysis (PCA) in 2012.\
(a) loading plot for the 9 variables (VIs indices: NDVI, GNDVI, WI, OSAVI, SIPI, NRI, SR, MCARI and TVI); (b) score plot for the 12 treatments (CONTROL_0DPA, CONTROL_6DPA, CONTROL_13DPA, CONTROL_21DPA, UREA_0DPA, UREA_6DPA, UREA_13DPA, UREA_21DPA, NITRATE_0DPA, NITRATE_6DPA, NITRATE_13DPA, NITRATE_21DPA) obtained as a combination of the 3 N treatments (CONTROL, UREA and NITRATE) at 4 sampling dates during grain development (0, 6, 13 and 21 days post-anthesis (DPA)). Further explanations on VI*s*, sampling dates/phenological stages and N fertilization treatments are provided in [S2 Table](#pone.0156007.s003){ref-type="supplementary-material"} and in the text.](pone.0156007.g007){#pone.0156007.g007}

LMW-GS protein accumulation in relation to fertilization treatments {#sec010}
-------------------------------------------------------------------

N fertilization influenced GS-fractions ([Fig 4](#pone.0156007.g004){ref-type="fig"}). Consequently, to explain whether the differences in GS contents might be ascribed to specific GS subunits, 2D-GE was performed on LMW-GS samples. Two distinct protein groups, indicated as Group 1 and Group 2 were considered ([Fig 8](#pone.0156007.g008){ref-type="fig"}).

![2D-GE pattern of the LMW-GS from durum wheat (cv Achille) in 2011 and 2012.\
Comparison of 2D-GE maps of the LMW-GS fractions extracted from mature grains of durum wheat fertilized with urea (UREA) and calcium nitrate (NITRATE) at the rate of 150 kg N ha^-1^ plus unfertilized CONTROL in 2011 and 2012. The marked spots were analysed by LC/MS for protein identification.](pone.0156007.g008){#pone.0156007.g008}

Quantitative analysis of selected spots showed the specific induction of Group 2 from N-fertilised samples, regardless of N-form, both in 2011 and 2012 ([Table 3](#pone.0156007.t003){ref-type="table"}).

10.1371/journal.pone.0156007.t003

###### Quantitative densitometry analysis of LMW-GS from Group 1 and Group 2 extracted from wheat grains deriving from plants exposed to control conditions (unfertilized CONTROL) and to two fertilization treatments with Urea (UREA) and Calcium Nitrate (NITRATE) at the rate of 150 kg N ha^-1^.

![](pone.0156007.t003){#pone.0156007.t003g}

             *2011*                                  *2012*                                                                          
  ---------- --------------------------------------- --------------------------------------- --------------------------------------- -----------------------------------------
  CONTROL    2,299,328.9 b                           815,634.8 c                             5,807,070.1 b                           1,083,857.5 b
  UREA       1,812,438.8 c                           1,125,028.1 b                           8,528,323.1 a                           1,774,638.1 a
  NITRATE    2,736,053.2 a                           1,579,498.6 a                           6,446,072.2 b                           1,765,693.9 a
  *F test*   [\*](#t003fn001){ref-type="table-fn"}   [\*](#t003fn001){ref-type="table-fn"}   [\*](#t003fn001){ref-type="table-fn"}   [\*\*](#t003fn002){ref-type="table-fn"}

\*P \< 0.05

\*\*P \< 0.01; ns = not-significant. Values with the same letter (a, b, c) are not significantly different (P \< 0.01). IOD = integrated optical density.

Sequence analysis of these proteins showed that Group 1 corresponded with LMW-GS present in the basic region of the gel and that Group 2 corresponded with LWM-GS, which are structurally similar to γ-gliadins \[[@pone.0156007.ref044]\] ([Table 4](#pone.0156007.t004){ref-type="table"}).

10.1371/journal.pone.0156007.t004

###### 2D-GE LMW-GS protein identification by LC-ESI-MS/MS analysis.

![](pone.0156007.t004){#pone.0156007.t004g}

  Spot n.[^a^](#t004fn001){ref-type="table-fn"}   Protein identified   Species           UniProtK Acc. nr.   MW      Peptide sequences determined by LC-ESI-MS/MS                                                                                                                            Measured MH^+^
  ----------------------------------------------- -------------------- ----------------- ------------------- ------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Group 1**                                                                                                                                                                                                                                                                                
  1                                               LMW-GS GluB3-6       *T*. *aestivum*   B2Y2R3              44613   LQPHQIAQLEVMTSIAL,VHPSILQQLNPCKVF, RTLPTMCNVNVPL                                                                                                                        1892.035, 1779.957, 1514.783
  2                                               LMW-GS GluB3-6       *T*. *aestivum*   B2Y2R3              44613   LQPHQIAQLEVMTSIAL, VHPSILQQLNPCKVF,RTLPTMCNVNVPL                                                                                                                        1892.035, 1779.957, 1514.783
  3                                               LMW-GS GluB3-3       *T*. *durum*      D5FPE1              44540   VPFGVGTGVGGY, VFLQQQCSPVAMPQSLAR, SQMLQQSSCHVMQQQCCQQLPQIPQQSR                                                                                                          1109.562, 2003,020, 3272.4850
  4                                               LMW-GS B3-2          *T*. *aestivum*   Q6SPY7              44702   MCSVNVPLYETTTSVPLGVG IGVGVY, SQMLQQSICHVMQR, VFLQQQCIPVAMQR                                                                                                             2712.3622, 1745.8244, 1717.8876
  5                                               LMW-GS B3-2          *T*. *aestivum*   D3U319              44509   VHPSILQQLNPcKVF, RTLPTMcNVNVPL, GQQPQQQQLAHGTF, RTLPTmcNVNVPLY, QQQIPFVHPSIL                                                                                            1476.799, 1301.659[^b^](#t004fn002){ref-type="table-fn"}, 1567.761 [^b^](#t004fn002){ref-type="table-fn"}, 1464.722 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 1406.779
  6                                               LMW-GS               *T*. *aestivum*   R4JDM5              37783   SIVLQEQQHGQGLNQPQQQQPQQSVQGVSQPQQQQKQLGQcSF QSScHVMQQQccRQLPQIPEQSRY, RTLPTMcSVNVPVYGTTTIVPF, METSHIPSLEKPLQQQPLPL, LQQQcSPVAmPQSL, GQWPQQQQVPQGTLLQPHQIAQLEVMTSIAL     4884.392 [^b^](#t004fn002){ref-type="table-fn"}, 3048.374 [^b^](#t004fn002){ref-type="table-fn"}, 2453.262 [^b^](#t004fn002){ref-type="table-fn"}, 2286.221, 1602.765 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 3467.828
  7                                               LMW-GS               *T*. *aestivum*   R4JDM5              37783   SIVLQEQQHGQGLNQPQQQQPQQSVQGVSQPQQQQKQLGQcSF, QSScHVMQQQccRQLPQIPEQSRY, RTLPTMcSVNVPVYGTTTIVPF, METSHIPSLEKPLQQQPLPL, LQQQcSPVAmPQSL, GQWPQQQQVPQGTLLQPHQIAQLEVMTSIAL    4884.392 [^b^](#t004fn002){ref-type="table-fn"}, 3048.374 [^b^](#t004fn002){ref-type="table-fn"}, 2453.262 [^b^](#t004fn002){ref-type="table-fn"}, 2286.221, 1602.765 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 3467.828
  8                                               LMW-GS               *T*. *aestivum*   R4JDM5              37783   SIVLQEQQHGQGLNQPQQQQPQQSVQGVSQPQQQQKQLGQcSF, QSScHVMQQQccRQLPQIPEQSRY;, RTLPTMcSVNVPVYGTTTIVPF, METSHIPSLEKPLQQQPLPL, LQQQcSPVAmPQSL, GQWPQQQQVPQGTLLQPHQIAQLEVMTSIAL   4884.392 [^b^](#t004fn002){ref-type="table-fn"}, 3048.374 [^b^](#t004fn002){ref-type="table-fn"}, 2453.262 [^b^](#t004fn002){ref-type="table-fn"}, 2286.221, 1602.765 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 3467.828
  **Group 2**                                                                                                                                                                                                                                                                                
  9                                               γ-gliadin            *T*. *aestivum*   R9XUS6              40767   SLVLQTLPTMCNVYAPPECS TIR, APFASIVAGIGGQ                                                                                                                                 2536.2608, 1187.6418
  10                                              γ-gliadin            *T*. *aestivum*   K7X1Q2              34372   GIIQPQQPAQLEGIRSL, cEQPQRTIPQPHQTF, LQQQmNPcKNY                                                                                                                         1848.038, 1866.895, 1439.643 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}
  11                                              γ-gliadin            *T*. *aestivum*   D0EMA4              34280   FQLAQGLGIIQPQQPAQLEGIRSL, LQQQMNPcKNF, cEQPQRTIPQPHQTF, VLKTLPTmcNVY, QcAAIHSVAHSIIMQQEQQQGVPILRPL                                                                      2605.457, 1407.653, 1866.895, 1242.588 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 3152.656
  12                                              γ-gliadin            *T*. *aestivum*   K7X1Q2              34372   GIIQPQQPAQLEGIRSLVL, VLKTLPTmcNVYVPPDcSTINVPY, cEQPQRTIPQPHQTF, LQQQMNPcKNY                                                                                             2060.191, 2797.369 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 1423.648, 1242.587
  13                                              γ-gliadin            *T*. *durum*      Q84M19              32195   GIIQPQQPAQLEGIRSL, cEQPQRTIPQPHQTF, VLKTLPTmcNVYVPPDcSTINVPY, ANIDAGIGGQ                                                                                                1848.040, 1866.896 [^b^](#t004fn002){ref-type="table-fn"}, 2797.369 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 915.455
  14                                              γ-gliadin            *T*. *durum*      Q84M19              32195   GIIQPQQPAQLEGIRSLVL, cEQPQRTIPQPHQTF, LQQQmNPcKNF, KTLPTmcNVYVPPDcSTINVPY                                                                                               2060.192, 1866.899, 915.455 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 2569.223 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}
  15                                              γ-gliadin            *T*. *durum*      Q84M19              32195   GIIQPQQPAQLEGIRSL, cEQPQRTIPQPHQTF, ANIDAGIGGQ, KTLPTMcNVYVPPDcSTINVPY                                                                                                  1848.040, 1866.899, 915.455, 2569.223
  16                                              LMW-GS               *T*. *aestivum*   R4JFH1              30123   VQAQQQQPQQLGQGVSQSQQQSQQQLGQcSF, SIILQEQQQGF, LQQQcNPVAmPQRL, SQQQLVLPPQQQYQQVLQQQIPIVQPSVL, SQQQQPVLPQQSPF, DAIRAITY                                                   3486.656, 1290.672, 1698.846 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 3355.846, 1611.818, 922.502
  17                                              LMW-GS               *T*. *aestivum*   R4JFH1              30123   VQAQQQQPQQLGQGVSQSQQQSQQQLGQcSF, SIILQEQQQGF, RTLPTmcSVNVPLYSSTTSVPF,QQSScHVmQQQccQQLPQIPEQSRY, QQLNPcKVF                                                               3486.667 [^b^](#t004fn002){ref-type="table-fn"}, 1290.671, 2473.214 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 3355.846 [^b^](#t004fn002){ref-type="table-fn"}^,^[^c^](#t004fn003){ref-type="table-fn"}, 1133.578 [^b^](#t004fn002){ref-type="table-fn"}

^a^ Spots numbers in the different treatments as indicated in 2D-GE.

^b^ Cystein carbamidomethylation.

^c^ Methionin oxidation.

*In silico* alignments of the putative protein sequences of these two groups showed the same number of cystein residues at the C-term region of the proteins, six of them being present in a conserved position in all the GS sequenced ([S1 Fig](#pone.0156007.s001){ref-type="supplementary-material"}).

Group 1 LMW-GS showed differences between treatments in the two years. In 2011, NITRATE treatment showed more Group 1 LMW-GS than the CONTROL while, in 2012, the highest content of Group 1 LMW-GS was achieved by UREA treatment. Therefore, an increase in LMW-GS in response to N fertilization was principally accounted for by Group 2 LMW-GS while differences in abundance of Group 1 LMW-GS was more related to environmental and seasonal variations. Other recent proteomic data underlined the induction of specific components of gluten proteins (HMW-GS, LMW-GS and gliadins) in response to N fertilization both in the developing endosperm and in wheat flour \[[@pone.0156007.ref006],[@pone.0156007.ref007]\]. The combined effect of temperature and fertilization could affect the expression of individual proteins within certain classes, such as LMW-GS and gliadins, thus increasing the data complexity \[[@pone.0156007.ref035]\].

N treatments and total protein accumulation during grain development {#sec011}
--------------------------------------------------------------------

Total proteins extracted from immature grains, collected at 15 DAP in 2011 and at 13 DAP in 2012 (DC75), were separated by 2D-GE ([Fig 9](#pone.0156007.g009){ref-type="fig"}), to identify differences due to N fertilization in the amount of grain proteins due to N fertilization during the active phase of grain filling.

![2D-GE pattern of total protein extracted from durum wheat (cv Achille) immature grains.\
Immature grains---derived from plants fertilized with urea (UREA) and calcium nitrate (NITRATE) at the rate of 150 kg N ha^-1^ plus unfertilized CONTROL---were sampled at DC75 phenological stage corresponding to 15 DPA and 13 DPA in 2011 and 2012 and total protein extracts were analysed by 2D-GE. The marked spots were analysed by ESI-LC-MS/MS for protein identification. The enlargement illustrates some of the spots showing differential abundance between CONTROL and UREA and NITRATE fertilized treatments.](pone.0156007.g009){#pone.0156007.g009}

According to \[[@pone.0156007.ref045]\], at this developmental stage, kernels are mainly characterized by globulin and by proteins with specific functions, which participate in various metabolic activities as carbohydrate accumulation and protein folding during grain filling. Consequently, they could be related to wheat quality traits at harvest \[[@pone.0156007.ref002],[@pone.0156007.ref046]\]. Moreover, this crop stage matches with the start of the active storage of starch and water \[[@pone.0156007.ref004]\]. Thirty-five proteins revealed to be unique from the gel spots identified, four of them showing the same level of abundance in all the treatments, while others showing differences in abundance in UREA and NITRATE showing up-regulation respect to CONTROL (Fig [10A and 10B](#pone.0156007.g010){ref-type="fig"}). The putative functions of identified protein spots in biochemical processes during grain filling are presented in [Fig 10C](#pone.0156007.g010){ref-type="fig"} and [S3 Table](#pone.0156007.s004){ref-type="supplementary-material"}.

![ESI-LC-MS/MS identification and differential abundance of proteins from durum wheat immature grains.\
(a) Venn diagram showing the number of unique proteins in the 15 and 13 DPA (in 2011 and 2012, respectively) phase of grain filling, which were up-regulated in the different treatments, (b) Venn diagram showing the number of unique proteins in the 15 DPA and 13 DPA (in 2011 and 2012, respectively) phase of grain filling, which were down-regulated in the different treatments, (c) Heat map showing protein abundance by UREA (U) and NITRATE (N) fertilization treatments compared with unfertilized CONTROL (C). Data on single protein sequence and function obtained by LC-ESI-MS/MS analyses are listed in [S3 Table](#pone.0156007.s004){ref-type="supplementary-material"}. Fold variation between data was normalised as follows: up-regulation 2, 3- fold bright red, \> 3 fold dull red, down-regulation 2, 3-fold bright green, \>3 fold dull green.](pone.0156007.g010){#pone.0156007.g010}

Carbohydrate and energy metabolism {#sec012}
----------------------------------

Fructose bisphosphate aldolase, triosephosphate isomerase, enolase and malate dehydrogenase ([Fig 9](#pone.0156007.g009){ref-type="fig"}, spots 1, 2, 5, 6, 25) are enzymes involved in glycolysis and in the citric acid cycle which were up-regulated in both UREA and NITRATE treatments ([Fig 10C](#pone.0156007.g010){ref-type="fig"}). 15 DAP is the stage at which cell differentiation is occurring and dry matter accumulation begins, both of which require energy as shown by the up regulation of ATP synthase ([Fig 9](#pone.0156007.g009){ref-type="fig"}, spot 26) in both treatments. Nucleoside diphosphate kinase (NDPK) ([Fig 9](#pone.0156007.g009){ref-type="fig"}, spot 20) is a ubiquitous enzyme whose function is the intracellular distribution of terminal phosphate bond energy among the various nucleotides used for biosynthetic pathways and for regulatory functions \[[@pone.0156007.ref047]\]. Plant NDPKs are also involved in signal transduction, differentiation and development \[[@pone.0156007.ref048]\]. Results showed that NDPK was up-regulated during grain development in both N treatments ([Fig 10C](#pone.0156007.g010){ref-type="fig"}) and, therefore, might play an important role in signal regulation for grain development in response to N fertilization. A β-amylase was down-regulated (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, Spot 21) in both N treatments. B-amylase is a starch-degrading enzyme that hydrolytically cleaves a-1,4-D-glucosidic bonds to liberate β-maltose from the non-reducing ends of a variety of polyglucans that are synthesised during grain development, and it is one of the major proteins in the starchy endosperm \[[@pone.0156007.ref049]\]. The level of this protein is normally low in the active phase of grain filling while its down-regulation was recently shown to be cultivar specific accounting for the different size of starch granules in mature grains \[[@pone.0156007.ref045]\]. In this research the down-regulation of this enzyme in developing grains under N treatments respect to control can be explained as a major input for starch granule formation at the beginning phase of grain filling.

During the active grain-filling period, no increase in globulins in response to UREA treatment was observed, consistent with the findings of a previous study \[[@pone.0156007.ref050]\]; NITRATE induced a significant accumulation of storage proteins (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, spots 11, 12). These proteins are known to accumulate gradually during seed development and disappear during germination, which is concomitant with the acquisition of both seed and seedling vigor.

Chaperon folding {#sec013}
----------------

The abundance of HSP70 and low molecular weight (LMW) HSPs, namely two members of 23.2 HSPs, two members of 26.4 kDa HSPs and one member of 16.9 kDa, increased due to N fertilization (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, spots 9, 13, 14, 22, 23, 27, 36) as also previously reported \[[@pone.0156007.ref051]\]. Members of the HSP70 gene family are known components of the cellular network of molecular chaperones and are essential in normal cell functions \[[@pone.0156007.ref052]\]. It has been demonstrated that they increase both in the endosperm and in the embryo in response to high temperature during grain filling \[[@pone.0156007.ref004],[@pone.0156007.ref053]\]. LMW HSPs are produced in seeds during maturation and under various stress conditions, which can form large multimeric structures and display a wide range of cellular functions, as well as being able to act as molecular chaperones. LMW HSPs were shown to be up-regulated in heat-tolerant cultivars during mid-grain development \[[@pone.0156007.ref053]\]. A positive correlation between small HSPs amounts in the developing grain with wheat yield related traits was also assessed recently \[[@pone.0156007.ref045]\]. Thus cultivar specific enhancement of HSP production, determined also by N fertilization, could be a parameter used to screen for suitable genotypes in the transition to CA. Modulating N inputs, both storage protein contents and heat-tolerance can be increased.

Antioxidant enzymes {#sec014}
-------------------

Several proteins were identified with potential roles in response to oxidative stress. The amount of these proteins increased moderately in N-fertilized samples, reflecting their relevance in protecting the seed against a desiccation-induced stress due to the active oxygen species which are produced during seed development. These identified enzymes include ascorbate peroxidase, superoxide dismutase, catalase, and glutathione lyase (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, spots 7, 8, 31, 24,). Several authors have demonstrated that exposure to heat stress during the reproductive phase \[[@pone.0156007.ref054]\] increases the activities of antioxidant enzymes particularly in heat-tolerant genotypes of wheat \[[@pone.0156007.ref055]\].

Protease inhibitors {#sec015}
-------------------

The induction of anti-oxidative enzymes is normally accompanied by a down-regulation of proteasomes, which we identified as spots 15 and 32 (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}). Proteasome is a multicatalytic proteinase complex involved in ATP/ubiquitin-dependent proteolytic pathways which can degrade unneeded or damaged proteins to protect the seed \[[@pone.0156007.ref056]\]. In addition a γ-interferon responsive lysosomal thiol reductase known to be involved in unfolded protein degradation was also down-regulated (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, spot 30) as indication of the reduced oxidative damage due to environmental constrains in the developing grains under N treatments.

Defense proteins {#sec016}
----------------

Accumulation of starch and of storage proteins was accompanied by the expression of various α-amylase inhibitors (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, spots 10, 19), which are mainly located in plastids or in the extracellular spaces. Alpha-amylase inhibitors play important roles in protecting starch and protein reserves in the endosperm against degradation caused by biotic stress \[[@pone.0156007.ref057]\]. The identified α-amylase inhibitors were up-regulated in both fertilization treatments, consistent with the accumulation patterns of starch and storage proteins during late grain development. Another group of proteins whose abundance increased during both N fertilization treatments were identified as serpins (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, spots 3, 4), which are thought to have a role as storage proteins in plants due to their high Lys content. Although their biochemical role is still unclear, because no target proteases have been identified, serpins may provide protection against insect and pathogens \[[@pone.0156007.ref058]\]. Also vicilin-like antimicrobial proteins were moderately induced in particular by UREA (Figs [9](#pone.0156007.g009){ref-type="fig"} and [10C](#pone.0156007.g010){ref-type="fig"}, spots 28, 29). These storage proteins belong to the cupin superfamily of proteins which have multiple functions \[[@pone.0156007.ref059]\], providing protection against fungi and bacteria, as found in *Macadamia integrifolia* kernels \[[@pone.0156007.ref060]\].

Conclusions {#sec017}
===========

Transition phase to CA represents an holistic change in the management of the agronomic techniques; during this adaptive phase yields of durum wheat could be unstable and reduced compared to conventional-tillage based systems. It is strongly influenced by soil-climatic characteristics, residue management and N fertilization practices where in particular modulation of N inputs needs to be adequately adjusted, combining rate with N-forms. N application induced significant dry matter accumulation in vegetative organs and grains during their development as well as grain protein and total gluten (i.e. HMW-GS and LMW-GS) increasing at harvesting. This occurred thanks to an improved crop physiological status, i.e. higher chlorophyll content, which could be effectively monitored by SPAD and VI*s* methods. Besides, the VI*s* recorded during the earlier stages of grain-filling, demonstrated to be effective indicators of kernels quality traits. The VI*s* significantly discriminated between unfertilized and fertilized treatments, as well as between the two N-forms (see PCA). Specifically, UREA seemed to induce higher LMW-GS accumulation than NITRATE, supported by the lower grain-NutE values, although this occurred only in the second year. In addition, N availability greatly affected the GS fractions rather than gliadins.

Quantitative analysis of LMW-GS fractions, followed by single protein identification showed a stable increase from year to year in C-type LMW-GS structurally similar to γ-gliadins but containing extra cystein residues which enabled them to form intermolecular crosslinks with the other glutenin components, thus acting as LMW-GS from a technological point of view.

Both UREA and NITRATE could also influence, at different extents the non-prolamin component of wheat grains, during the grain filling period increasing their abundance along with metabolic enzymes for energy production and with members of the HMW and LMW HSPs and enzymes involved in antioxidant response and biotic stress defense. These proteins protect against heat stress during grain filling, increasing tolerance and helping protein and starch to accumulate in the mature grains.

The specific up-regulation of some proteins in the early stages of grain development as well as physiological indicators related to fitness traits, could be usefully employed in wheat breeding programs for screening genotypes suitable for the particular situation characterizing the transition phase to CA under Mediterranean environments (dry conditions) i.e. increase in crops weed, pest, and disease pressures, unexpected changes in soil carbon content and a low crop residues production. Such genotypes in combination with appropriate agronomic techniques would improve nitrogen use efficiency and thus ensure high performance in terms of biomass, nitrogen accumulation as well as quality traits of the developing grains.
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